Abstract
Introduction
The proper goal of research in software metrics [7, 11, 12] is to help project managers make decisions under uncertainty. In particular, we wish to be able to estimate the cost of developing software, and to predict the quality likely to be achieved by a given development effort. The MODIST ('Models of Uncertainty and Risk for Distributed Software Development') Project [14] , which was part-funded by the EC, was concerned with improved predictions of quality in large distributed software projects. The project partners were Agena, Israel Aircraft Industries, QinetiQ and Philips. As part of this project a group of experienced project managers identified a set of factors influencing cost and quality outcomes, which we formed into a causal model. This model is summarized in Section 2.
The objective of this paper is to describe how we validated this model and to make the data available to other researchers. We needed data that was not available in any publicly accessible form (even though similar factors are used in models supporting software managers, most notably COCOMO-II [2] for software cost estimation). For example, whereas the ISBSG dataset [9] (which is accessible at low cost and contains approximately 3500 projects) helped us to quantify some of the relationships in the model, it does not help in validation because of the absence of the qualitative, causal factors.
To get the necessary data, senior project managers in one organization provided the information for 31 new projects. We had to provide refined and more detailed descriptions and measurement schemes for most of the factors in the model. This process is described in Section 3. The resulting quantitative data is presented in Section 4, with the qualitative data in Section 5. Section 6 describes some issues arising from data collection, while in Section 7 we summarise the model validation results. The results show that the causal model, built using expert judgement and historical data, was able to make accurate predictions for the new projects.
Background: the causal model
This section is a summary overview of the causal model whose factors were elicited from experienced project managers in the MODIST project [14] . The model, which is a Bayesian Network, is presented in schematic form in Figure 1 , where each rectangle represents a subnetwork. A detailed description of both the model itself and the Bayesian Network formalism is not necessary in this paper since our focus is on the data. However, for those interested the necessary details can be found in [4, 5, 6, 8, 10, 15] . The model itself can be downloaded from [13] and viewed and executed using Bayesian net software which can be downloaded for free from [1] .
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Figure 1. Schematic view of defect prediction model
Examples of two of the subnetworks, shown as rectangles in Figure 1 , are provided in Figure 2 and Figure 3 . Each subnetwork is a part of the Bayesian Network, with nodes representing probabilistic variables and arcs representing causal relationships between variables. It is important to note that the model not only reflects relationships between variables which could be reflected in regression-type models, but also direct cause-effect relationships. For example, a more rigorous testing process leads to an increased probability of finding and fixing a defect and thus to a reduced number of defects left in the software after testing. As an extreme case, the model includes the knowledge that no defects will be found if no testing is done. Figure 2 shows the core of the Bayesian Network: the nodes shared between this subnetwork and the others are shown with dashed edges (unshaded). These shared nodes are unobservable quantities, such as the probability of finding a defect present in the software during testing. These values are predicted from qualitative process factors. Figure 3 shows one example of the subnetworks containing these qualitative process factors, with two of the shared nodes shown on the right hand side of the figure.
We developed this causal model (see [8] for further details) based on a combination of the following sources:
• empirical data from the literature;
• empirical data from the project partners;
• subjective judgment of project managers and other experts in the collaborative project, where no relevant data were available. The causal model was not developed from the data reported in this paper, which was instead gathered after the model had been developed to validate the model.
Qualitative factors
As the first stage of the development of the causal model outlined in Section 2, partners in the MODIST Project [14] identified qualitative factors that they believed had a significant influence on the outcome of a software project. Once the model had been built the second stage was to gather a dataset to validate the model; to do this effectively a more detailed description of each factor was needed. In Section 3.1 we describe the set of factors, together with the first level of detailed description. Section 3.2 gives an extract of the subsequent questionnaire given to project managers to gather data from completed projects. Section 3.3 discusses some issues arising from this method of measuring the qualitative project factors.
Although it was intended that the validation dataset would cover all the data used in the Bayesian Network, this was not achieved. Some questions were not answered by some project managers. A small number of variable were omitted altogether. This arose were the data recording practices of the projects did not match the assumptions of the questionnaires: in particular rework was not distinguished from testing, and the concept of the 'effort' spent on a project phase, relative to what would be expected on average, was not used by project managers. Fortunately, a Bayesian Network handles missing data (see Section 6.3).
Factor descriptions
The factors are conveniently grouped under five topics: specification and documentation process (Table  1) , new functionality (Table 2) , design and development process (Table 3) , testing and rework (Table 4 ) and finally project management (Table 5) . However, this grouping is not part of the dataset; the factors should all be considered to be project attributes.
Each factor is named and described by a question to be answered. The descriptive questions were specifically tailored for the organisation providing the project data. In your opinion, how effective was the review procedure?
S5
Quality of Documentation inspected
What was the review effectiveness in the project for the requirements phase?
S6 Spec Defects Discovered in Review
In your opinion, is the defect density of spec reviews on the high side?
S7 Requirements Stability
How stable were the requirements in your project? What was the extent of the defects that were found using formal testing against the intuitive / random testing? 
Questionnaire Design
Qualitative data are expressed on a 5-point ordinal scale. The ordinal values used are: Very High, High, Medium, Low, Very Low. The data values were gathered using a questionnaire, which was completed by the project manager, project quality manger or other senior project staff. Each questionnaire item consists of:
• More detailed questions
• An interpretation of the ordinal scale. For example, for factor S1 'Relevant Experience of Spec & Doc Staff', the additional questions are: The scale point is then derived as follows:
Very High: All the 10 sub questions answered yes High: 7-9 of the sub questions answered yes Medium: 5-6 of the sub questions answered yes Low: 4 of the sub questions answered yes Very Low: less than 4 of the sub questions answered yes.
Measurement Issues
The factors used in the model were originally identified by a group of project manager from different partners in the MODIST project. Although from different organisations, it was possible for the project managers to agree on the importance of factors such as 'Requirements Stability'. A further issue is whether it is possible to measure such values consistently between organisations.
As shown by the example in Section 3.2, we designed the questionnaire to used objective criteria, such as the number of years of experience, whether possible. However, we do not claim external validity of these measurements, since this is not needed for our approach, as we explain below.
One way experts were used in building the model was to estimate the 'strength' of the effect of each qualitative factor in the causal model. This information is represented in the conditional probability table for each node in the Bayesian Network. As a result of this process, the model is applicable within the organisation where the experts have gained their experience. Since the model itself is not universal, there is no need for the measurements to be so. It does not follow that the scope of the validation (see Section 7) becomes trivial, even tautological, as a result. Instead, the validation shows that a model constructed using expert judgement and historical data, within one organisation, can be used within the same organisation to predict accurately the outcome of new projects. On the other hand, the validation described here does not consider issues such as the external validity of the causal structure of our model (see Section 6.4).
Quantitative data
The projects developed software for consumer electronics products. Each project developed or enhanced some functionality provided by a product. The developed software was not stand-alone but was integrated with other software subsystems in the product.
A waterfall lifecycle was followed. The software engineering part of the lifecycle covered a specification review, design, a design review and development up to unit testing. The software was then passed to independent test in several phases, from software integration testing to overall system (i.e. product) testing. Most of the software development was at one site, but the overall development was distributed over different locations in a global organisation. Both the software specification and the independent testing were typically at a different location to the software development.
The data values are shown in Table 6 :
• Software size: the size, in KLoC of the developed code and the development language ( Figure 4 shows the distribution of code size in the dataset). Note that for two projects, this data was not available: the Bayesian Network can still be used and it will assume the projects to be 'average' but of uncertain size.
• Effort: development effort measured in person hours for the software development, from specification review to unit test • mDefects: functional defects discovered during all the independent testing phases, following the software development.
In some projects existing software was reused as part of the development. The impact of this on the dataset is considered in Section 6.
This new dataset could, of course, be used to build traditional statistical/regression based models, as indicated, for example, by Figure 5 . This could be the basis for a simple regression model relating KLoC to defects; indeed the correlation coefficient here is quite high (0.78). However, this does not correspond to the way that we used this data, which was to validate a model created before the data was gathered. Therefore, we do not pursue this comparison. 
Qualitative data
The data values are shown in tables 7 to 10. Missing data values are marked with '-' (see Section 6.3). The letters VL, L, M, H, VH correspond to the ordinal scale described in Section 3.2 (very low to very high). 
Generality of the data
An objective of the partners in the MODIST project was to identify only factors (and the means of measuring them) that were generally relevant to complex software projects. Achieving this objective would enable different organizations to make use of the causal model. We recognize that the more detailed descriptions and questionnaires refer to processspecific information. The objective of generality would still be partly achieved if other organizations (using different processes) used the same factors, but adapted the questionnaire as a means of measuring them.
Model validation
We validated the causal model using the presented project dataset. We did this by entering, for each project, data excluding the defect data and ran the Bayesian net model. This produces a (predicted) probability distribution for number of defects found in independent testing. Using the median values of these distributions enables us to calculate the accuracy of the predictions. As presented in Figure 6 , we achieved a very high accuracy with an R 2 value of 0.9311. The outstanding result of the model validation gives great confidence in the value of the causal model, but of course further validation using additional datasets would provide even greater confidence in the integrity and robustness of the model. Moreover, the validation we have described does not cover all the ways that the Bayesian net model can be used, since it is possible to enter data at any of the variables and obtain the probability distributions at any of the unobserved variables.
Conclusion
We have presented a comprehensive dataset for 31 software development projects. This dataset incorporates the set of quantitative and qualitative factors that were previously built into a causal model of the software process. The factors (which had been identified by a consortium of software project experts) include values for code size, effort and defects, together with qualitative data values judged by project managers (or other project staff) using a questionnaire. We have used these data to evaluate the causal model and the results are extremely promising. Specifically the model predicts, with remarkable accuracy, the number of software defects that will be found in independent testing.
Although it is beyond the scope of the paper to discuss the causal model in detail, it should be noted that good predictions of the defects can be achieved by entering relatively few of the project factors (size plus 2 or 3 others). Hence this kind of model can be used for effective decision-support and trade-off analysis during early development phases.
By presenting the raw data in this paper, we hope to enable other researchers to evaluate similar models and decision-support techniques for software managers (the dataset can of course also be used for evaluating more traditional types of software prediction models). We also hope that similar datasets will become more widely available in future.
To ensure full visibility and repeatability, we also provide an electronic version of the causal model for researchers [13] . The model can be viewed and executed by downloading the free trial version of the Bayesian network software [1] .
